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Correlated polarons in dissimilar perovskite manganites

C. S. Nelsort, M. v. Zimmermann' Y. J. Kim,! J. P. Hill Doon Gibbs® V. Kiryukhin,? T. Y. Koo,?® S.-W. Cheond;®
D. Casd! B. Keimer? Y. Tomioka® Y. Tokura®’ T. Gog® and C. T. Venkataramén
!Department of Physics, Brookhaven National Laboratory, Upton, New York 11973-5000
2Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854
3Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974
“Department of Physics, Princeton University, Princeton, New Jersey 08544
SMax-Planck-Institut fu Festkaperforschung, D-70569, Stuttgart, Germany
8Joint Research Center for Atom Technology (JRCAT), Tsukuba 305-0033, Japan
"Department of Applied Physics, University of Tokyo, Tokyo 113-0033, Japan
8CMC-CAT, Advanced Photon Source, Argonne National Laboratory, Argonne, lllinois 60439
(Received 30 November 2000; published 2 October 2001

We report x-ray scattering studies of broad peaks locatg@.8t0 0/(0 0.5 Q-type wave vectors in the
paramagnetic insulating phases ofE@a, ;MnO; and Py /Ca, ;MnO;. We interpret the scattering in terms of
correlated polarons and measure isotropic correlation lengths of 1-2 lattice constants in both samples. Remark-
ably, the size of these correlated polarons remains constant over the entire temperature range investigated. In
Lay .Ca aMnO;, this range extends up t0400 K, at which temperature the peaks are observed to disappear.
Based on the wavevector, the correlated polarons are found to be consistent with a CE-type structure. Differ-
ences in behavior between the samples arise as they are cooled through their respective transition temperatures
and become ferromagnetic metallic (&€a3Mn0O3) or charge and orbitally ordered insulating
(Pry £a& sMnO;). Since the primary difference between the two samples is the trivalent cation size, these
results illustrate the robust nature of the correlated polarons to variations in the relative strength of the
electron-phonon coupling, in contrast to the sensitivity of the low-temperature ground state to such variations.
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The wide variety of ground state phases exhibited by thehe bipolarons are broken apart, leaving single polarons
perovskite manganiteR;_,M,MnO; whereR and M are in the ferromagnetic metallic phase. Evidence consistent
trivalent rare-earth and divalent alkaline cations, respecwith bipolarons—based on transport measurements of
tively) originates in the interplay of the charge, orbital, lat- polycrystalline LgCaygMnO; (Ref. 10 and films of
tice, and spin degrees of freedom. A related manifestation dfag 7:C& ,sMNO; and Ng ;S MnO; (Ref. 1)—has re-
this interplay is the colossal magnetoresistanf@MR)  cently been reported, but additional data using more direct
effect! a phenomenon that has caused a resurgence of intelechniques are clearly desirable.
est in the perovskite manganites due to its potential for tech- X-ray and neutron scattering experiments can make an
nological applications. Recent work has focused on the rolémportant contribution to studies of polarons since they are
of the electron-phonon interaction, which has been used tdirectly sensitive to both the polarons and their correlations.
supplement the double exchange interacfiand is believed Recently, these techniques were applied to the perovskite
to be a necessary ingredient for modeling the temperaturmanganite (Nglio55Mmy g750.5:50 4gVINO3 (Ref. 12 and the
dependence of the magnetic and transport behavior of CMRRyered manganite L4LgSr; Mn,O,.22 In both materials, dif-
materials>* fuse scattering around the Bragg peaks and well-resolved

In CMR materials, strong electron-phonon coupling re-peaks at incommensurate wavevectors were observed in the
sults in the formation of localized charge carriers with high-temperature phases, and both types of scattering were
associated lattice distortions—or polarons—in the parafound to disappear as the samples were cooled thrdygh
magnetic insulating phase. Early evidence of polarondhe two scattering components were attributed to the pres-
was obtained from transport measureméfitiom which a  ence of polarons—the diffuse scattering from single polarons
high-temperature—small-polaron and low-temperature—largeand the resolved peaks from polaron correlations—implying
polaron phenomenology was hypothesized. Studies using lghat both polarons and polaron correlations were absent in
cal probe&® supported this view of the high-temperature, the ferromagnetic metallic phases. Very recently, neutron
polaronic behavior, and more recently, interest has turnedcattering studies of the L.a,CaMnO; systent*®have re-
to consideration of polaron-polaron interactions in thisported similar results. However, in this case as well as in
temperature regime. One theoretical model, proposed bglectron microdiffraction experiment§, the correlations
Alexandrov and Bratkovsky,involves paired polarons, or were observed at a commensurate wave vectd0d 0 O
bipolarons. In this model, strong electron-phonon coupling aand (0 0.5 0, in orthorhombic notation.
high temperatures binds polarons into immobile pairs in a As discussed above, the important parameter controlling
singlet state, with two holes localized on a single oxygenthe polaron behavior in CMR materials is the electron-
ion. Then, as the temperature is reduced tow&gd the  phonon coupling. What is missing in the work reported to
ferromagnetic exchange coupling increases in strength andate is a systematic study of the polarons as a function of the
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w e —m7" peaks with similar correlation lengths of 1-2 lattice con-

L \ 1 stants. The correlation lengths are observed to be constant
\ —==Pry,CayMn0; | over the entire temperature range investigated, which ex-
0 b \ — Loy Cay M0, tends up to~400 K—the temperature at which the peaks are

- \ : observed to disappear—in §.#Ca ;MnO;. We interpret the
\ ] peaks in terms of correlated polarons, and based on the
wavevector and correlation length, find their structure to be
AN ] consistent with that of a CE-type orbital order domain. The
~o ] difference in the relative strength of the electron-phonon
~ coupling in the two samples is only manifested upon cooling
through the respective transition temperatures. In
Lay Ca ;MnO;, the broad peak decreases in intensity as the
sample becomes ferromagnetic metallic, while in
Pry Ca MnO;3, the peak narrows and increases in intensity
as the sample enters a CE-type orbitally ordered domain
state.

The La Ca MnO; and Pg-Ca iMnO; single crystals
used in this study were grown by floating zone techniques at
Bell Laboratories and JRCAT, respectively. The x-ray scat-
06 -6.4 oz 0 0z 04 06 tering measurements were carried out on beamline X22C at

=T o) Mo the National Synchrotron Light Sour¢SLS) and beamline
9ID at the Advanced Photon Source. The low-temperature

FIG. 1. Resistivity as a function of reduced temperatizz=T  Work was performed using a closed-cycle refrigerator. For
~Tpco) Tpico in LagCaMnO; (solid) and Pp-CaMnO;  the high-temperature measurements of 4Ga, ;MnO;, the
(dashedgl Note that the Ry,Ca sMnO; data were obtained using a sample was placed in a furnace in an air atmosphere in order
two-point probe measurement of the resistance, and include an e prevent the possible loss of oxygen. Both samples were
timated scale factor for the conversion to resistivity. determined to be fully twinned, witti110/(002-oriented

surface normalsin orthorhombic,Pbnmnotatior) and mo-
relative strength of this coupling. In this paper, we take a steaic widths of~0.2° (FWHM). For simplicity, all reflections
in this direction by reporting x-ray scattering studies of twodiscussed here are referenced using(i€) surface normal
identically doped perovskite manganites, which have differ-direction.
ent trivalent cations. To first order, such substitution does not We begin with the Lg,Ca ;MnO; sample. Just above the
affect the charge, orbital, or spin degrees of freedom but onlynetal-insulator transition temperature-252 K(T ), broad
alters the lattice degree of freedom, due to the difference ipeaks with ordering wave vectors (.5 0 0 and(0 0.5 0
trivalent cation size. One result of this is a change in theand peak intensities of 20 counts/s were observedith an
relative strength of the electron-phonon coupling. The sysincident photon energy of 6.535 keV on beamline X22C at
tems chosen for this study are ,LgCaMnO; and the NSLS. Note that twinning of the sample and the width
Pr,_,CaMnO;, each with a doping ox=0.3. of the peaks make it impossible to determine whether or not

Lay Ca sMnO; and P LCa MnO; are both paramag- there is a unique ordering wavevector. As the sample was
netic insulators at room temperature. Upon cooling, theseooled through the transition temperature into the ferromag-
two materials go through transitions into completely differ- netic metallic phase, the peaks abruptly decreased in inten-
ent low-temperature phases—a ferromagnetic metallisity [see inset to Fig. @)]. Two temperature snapshots of
phasé’ and an antiferromagnetic, charge and orbitally or-this behavior at 260 and 220 K are shown in Fig. 2.
dered, insulating phagé&!® respectively. The contrasting Reciprocal space mesh scans around(#29) and (440
transport behavior is illustrated by the resistivity measureBragg peaks were carried out at 260 and 220 K. Diffuse
ments displayed in Fig. 1. The origin of the difference in thescattering consistent with the neutron scattering work re-
low-temperature phases is believed to be #8% decrease ported by Daiet al’* and Adamset al’® was observed
in cation radius from La to Pr. The smaller Pr ions produce aaround theg440) Bragg peak, with a similar change in inten-
larger distortion of the Mn-O-Mn bond angles away from sity and shape. We attribute the apparent absence of
180°[156.4° for Pr versus-160.7° for La(Ref. 20] result-  temperature-dependent diffuse scattering around (22€)
ing in a smaller bandwidth and elastic modulus. Both ofBragg peak to the@- 8)? variation in the scattering intensity
these effects increase the relative strength of the electrorirom a lattice distortion, in the limit of small displacement
phonon coupling32? The temperature dependence of the broad peak was stud-

Here, we report x-ray scattering studies of the polarons ined using reciprocal space scans alddgand K, between
the paramagnetic insulating phases of these dissimilar perotemperatures of 220 and 400 K. Data from 220 to 300 K
skite manganites. We find that the high-temperature behawere collected at1.5 2 0, and above room temperature, at
iors are insensitive to the variation in the relative strength of4 4.5 Q. Fitting the data to a Lorentzian-squared line shape
the electron-phonon coupling between the two samples. Sp@rovides information about the correlation lengths along the
cifically, in both samples, we observe broad, commensuraterthornombica andb directions. The correlation lengths are
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Lag ;Cag sMn0; defined as¢{,=a/2mAH and ¢é,=b/27AK, wherea and b
T ' are the lattice constants atdH andAK are the half-width-
or o 3 at-half-maximumHWHM) values of the diffuse peaks along
5 m”&g H and K, respectively. BetweefT,=252 and 400 K, the
gz b}g correlation lengths of the diffuse peak were observed to be
%, 1 independent of temperature, with a magnitude of 1-2 lattice
constants. The peak intensity was observed to decrease with
m,‘w gg!% increasing temperature, and to reach the limits of detectabil-
- ity at ~400 K. Transverse scans, performed between 220 and
300 K, demonstrated that the correlations are isotropic.
Turning now to Pg Ca, ;MnO3, thex= 0.3 doping in this
system lies near the phase boundary between the CE-type
charge and orbitally ordered, antiferromagnetic, insulating
phase T.,~220K,Ty~150K) and a ferromagnetic insulat-
ing phase T,~140K).1° Because of the close proximity to
different low-temperature phases—coupled with recent re-
ports of phase separation at this dopittd—we first carried
out measurements at low temperatufeslO0 K) with a
high-resolution GEL11) analyzer in order to characterize the
low-temperature behavior. Three ordered phases associated
with at least two different crystallographic phases were ob-
served. Two of these ordered phases are consistent with a
CE-type charge and orbital order structure—wit60)/(010)
and(0.5 0 0/(0 0.5 O wave vectors, respectively—while the
third exhibited only a100)/(010) ordering wave vector. The
distinct nature of the three phases was determined via mea-
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surements of their respective temperature dependences. The
65 two CE-type phases were found to have ordering transitions
at 130 and 200 K, respectively, while ordering in the third
phase persisted up to 300 K. For the purposes of this paper,
60 | we focus on the CE-type phase with the higher transition
temperature in what follows, since its behavior is consistent
Pr, ,Ca, ;MnO
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FIG. 2. H (a) andK (b) reciprocal space scans through5 2 Q

in Lag Ca sMn0O;. Data were measured at temperatures of 260 K 1‘30 — 1145 E— 1160 E— 175
(open and 220 K(closed, and were fit with a Lorentzian-squared ’ M) '

line shapdline). The peaks at1.67 2 Q and(1.5 2.13 0 arise from

powder lines that are believed to be associated with the copper FIG. 3. Temperature dependence of the scatteringHa2 0),
sample holder, and were excluded from the fits. InsglapShows  shown with Lorentzian-squared fitsolid), in Pr, ,Ca, MnO;. For
temperature dependence of scattering intensitil & 2 O (open clarity, each data set and fit is shifted upward by 12% with
and (1.3 2 0 (closed. respect to the next higher temperature data set and fit.

174405-3



C. S. NELSONet al. PHYSICAL REVIEW B 64 174405

10—3 ; . ' , | i ' , | § . 10—6 T T T T T T T T T T T
oo e Pry,Ca, Mn0, ] 0.150 |- ® ProsCag3Mn0s -
... 700,
- o Lag,Cay Mn0; — s © Lag ;Cag MOy
. 1 0.125 }
1074
'?' HH% 12 0.100 | } H{ { i
L1038t % . 7107 § 0075 | % ﬁ % % 3
2 1 E
S } :
£ []
£ | h 1° 0.050 - .
1078 | Iﬁﬁ Tl
fy {
- [ 1 | 0.025 | )
| 2 ]
¢ o060 0000 °
1077 b . ] . ] . | , ] , 118 o . L . _' . L . L + 1
O o5 o3 01 o 0.3 0.5 -05  -03 - g-‘T 0T-1 03 0.5
tE(T_-l;)/ct)/.rp/cu =( - P/CO)/ p/co
FIG. 4. Peak intensity of the.5 0 0/(0 0.5 O-type scattering— FIG. 5. The fitted half-widths of th¢0.5 0 0/(0 0.5 O-type

normalized to the(2 2 0 Bragg peak intensity at 220 K scattering as a function of reduced temperatutes(T

(Lag Cay MnOs) and 100 K (Pg-CasMnO;)—as a function of  — Tpico)/ Tprcor N L8 CaMnO; (open and PpCa MnOs
reduced temperaturet=(T—T o)/ Tpco, N LagCayMnO; (closed.

(open and PgCaMnO; (closed. The data for T=300K

of Lay /Cay sMnO; were scaled to match the low-temperature datamain on the order of 1-2 lattice constants up to the highest
at 300 K. temperatures studied. The dependence of the scattered inten-

sity on incident photon energy at tlig.5 2 Q peak was also
found to be similar in the two samples. Specifically, the in-
tensity exhibited a sharp drop near the Kredge, consistent
with normal charge scattering, and indicating that the scat-
tering at thisQ is primarily due to lattice distortions in both

with previous studies of RECa, MnO,.*° A complete analy-
sis of the phase separation ingRCa, ;MnO; will be pre-
sented in a future papét.

The (1.5 2 Q orbital order peak was measured while
warming the sample up to the ordering temperature 60 S@mples. o _
K. At low temperatures, the peak width was measured using N the paramagnetic insulating phases of both samples, the
a G111 analyzer, and a correlation length of 1790 A magnitude of the wave vector and the size and stability of the

was determined. As the sample temperature was increas&€g'relation lengths suggest an additional conclusion—that
through the ordering temperature, the5 2 O intensity the correlations arise from the presence of composite objects.

decreased dramatically, as shown in Fig. 3. The peak wad/€ label these objects “CE-type bipolarons,” based on the
also observed to broaden rapidly, reaching a value corrdlroposed structure that is displayed in Fig. 6. The structure is

sponding to a correlation length of 1-2 lattice constants at
high temperatures. ® ® o

To quantitatively compare the two samples, both data
sets were analyzed by fitting to a double Lorentzian-squared ‘O
line shape® This procedure enabled the diffu$e.5 0 0/ ® o o
(0 0.5 O-type peaks to be separated out from the tails of
the nearby Bragg peak. The results of these fits are summa-
rized in Figs. 4 and 5, showing the normalized peak inten-

® <O o o

sity and the HWHM, respectively, versus reduced tem-
perature. In each case, the reduced temperatuee de-

fined as T—T,/c0)/ Tpico, WhereT ¢, is the metal-insulator . . ‘
(LagCasMnO;) or charge and orbital order
(Pro.Ca.aMINO;) transition temperature. FIG. 6. Schematic diagram of the structure of a CE-type bipo-

With regard to both intensities and correlation lengths, th@aron, in thea-b plane. Open circles represent frions; elongated
scattering due to correlated polarons in the two samples eXure-eights represent the occupiegl(3d,2_,2) orbital of Mne+
hibits strikingly similar behavior above the respective transi-ions; closed circles represent Mn ions that, on average, have the
tion temperatures. That is, the intensities decrease gradualfgrmal valence and no net orbital order; and arrows indicate the
with increasing temperature, and the correlation lengths rein-plane component of the magnetic moment.

174405-4



CORRELATED POLARONS IN DISSIMILR . .. PHYSICAL REVIEW B 64 174405

that of an orbital order domain in the CE-type phase, ancorted for thex=0.4 and 0.5 dopings in this systetit?The
consists of neighboring orthorhombic unit cells along theobservation of low-temperature, resolution-limited, charge
[110] direction, with two Mrd* ions—hence bipolarons— order peaks using the high-resolution(GEl) analyzer at the
situated between orbitally ordered ®fnions. This CE- (030 peak—in marked contrast to the short-range ordered
type bipolaron can also be viewed as a ferromagnetic zigorbital peaks—lends support to this scenario. .
zag, which is consistent with the observation of ferromag- _In conclusion, we have studied two CMR materials that
netic fluctuations in Rr.,CaMnO; for the nearby doping differ 0r_1|y with respect to their trivalent cation species. A
range ofx=0.35-0.5" and with the absence of antiferro- cOmparison of the high- and low-temperature behaviors un-
magnetic correlations in LaCa, MnOs. 15 We note that the dericorestthg I|mp?rtatnhce %f. t?letelectrorj[—phonon couplmgt'm
S uch materials. In the high-temperature, paramagnetic,
S(r)esse%nct)i\soef dsgﬁhtrfaeggopnoq?tgrmeet;:suzrltgarznaegrftswc?fs prgliliglsyta%c?nsulatmg phases, the behaviors of the polarons are found

"5 be remarkably similar. That i h i -
10 . ) y similar. That is, as the temperature is re

Las/gCaygMnOs. ™~ Another perspective would be to view the g 00 toward the transition temperature, a slight increase in
correlations as small islands of an insulating phase

. . ) : —the number of correlated polarons is observed at the same
consistent with the phase separation picture of Moreqq 5 ¢ /(0 0.5 0-type ordering wavevectors, and each with
et al”*—although such a picture does not naturally explaingimijar correlation lengths of 1—2 lattice constants in the two
either the size of the regions or the fact that it remains conmaerials. This correlation length remains constant as long as
stant until the correlations disappear at high temperaturegna correlations persist—up 0400 K in La, Ca, MnOs.

Wg also note that our results are inconsistent with the theorne correlated polarons are consistent with a CE-type struc-
retical, bipolaron model described earffen that two holes 16 “and the similar behaviors in the two samples suggest
on the same ion would result in @ much shorter correlationnat these correlated polarons are robust with respect to

length than the measured value of 1-2 lattice constants. Iariations in the relative strength of the electron-phonon
addition, a competing structure that has recently bee'&oupling.

30 : - ; on i .
proposed*>—the orbital polaron, in which a Mf ion is The similarity in the behavior of the two samples breaks

surrounded by six W+ ions with their occupiede;  gown upon cooling through their respective transition tem-
(3d,2_2) orbitals pointing toward the central Mhion—is  peratures, as the small difference in the size of the trivalent
inconsistent with the wave vector reported here. To SUmMagations—reflected in the relative strength of the electron-
rize, the proposed CE-type bipolaron structure is consistefhonon coupling—becomes important. Below their transi-

with kn_own experimental results, but it is not unique andyjgn temperatures, l,a3Ca, MnO; becomes a ferromagnetic
alternative structures could also be constructed. In the futurnetal and RyCay 3M'nO3 ‘becomes a charge and orbitally
experiments that explore the stability of these regions tQyrgered insulator. In Lg,Ca, MnO;, the collapse of the cor-
other perturbauons'—such.as dppmg or appheq fleld—\(\/'” berelated polarons can be attributed to the onset of ferromag-
required to determine which, if any, of the pictures is thepgtic ordering, at which the energy gain associated with the
most appropriate. _ ferromagnetic state overcomes the localization of the pairs of
The difference in the relative strength of the electron-cparge carriers caused by the electron-phonon coupling. In
phonon coupling for the two samples_ is manlf_e.sted only abro_ﬁa)_3Mn03, which has the stronger electron-phonon
low temperatures, below the respective transition temperaCoupling, cooling through the transition temperature results
tures. As the Lg/,Ca MnO; sample is cooled through the jsiead in an ordering of the correlated polarons. The driving
metal-insulator transition, thél.5 2 Q intensity decreases mechanism for this ordering is as yet unknown, but charge

with no change in the correlation length. This is CO”SiSte,mordering is a candidate and will be the subject of future ex-
with the CE-type bipolaron picture described above, INberiments.

which localization of correlated charge carriers is destroyed

as the sample becomes conducting. It is also broadly con- The work at Brookhaven, both in the Physics Department
sistent with a phase separation pictfftén which charge and at the NSLS, was supported by the U.S. Department of
inhomogeneous and ferromagnetic metallic phases conknergy, Division of Materials Science, under Contract No.

pete above the transition temperature. In contrast, IMDE-AC02-98CH10886, and at Princeton University by the

PryCa sMn0O,, the (1.5 2 Q intensity grows and the width National Science Foundation under Grant No. DMR-

decreases as the sample goes through the charge and orbR&01191. Work at the CMC beamlines is supported, in part,
order transition temperature. A plausible scenario for theby the Office of Basic Energy Sciences of the U.S. Depart-
transition in this case is that the number of CE-type bipo-ment of Energy and by the National Science Foundation,
larons increases until they begin to coalesce, eventuallivision of Materials Research. Use of the Advanced Photon
forming orbitally ordered domains. This increase in the num-Source was supported by the Office of Basic Energy Sci-
ber of CE-type bipolarons could perhaps be driven by chargences of the U.S. Department of Energy under Contract No.
order fluctuations, consistent with the phenomenology reW-31-109-Eng-38.
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